INTRODUCTION
Sloshing phenomenon is usually encountered in partially filled moving tanks, such as VLCC, LPG and LNG liquid cargo ships in non-fully loaded navigation, liquid storage tanks in the earthquake or moving oil tank cars. This highly nonlinear phenomenon may lead to violent impact pressure near the liquid free surface. At present, liquid cargo ships are developed towards large-scale direction, and the large impact pressure may be occurred in partially filled carriers. Because the large impact pressures induced by sloshing act on bulkheads around free surface, it may lead to the local damages or local yields of bulkheads, which could influence ultimate strength of tank. Hence, investigation of sloshing pressure and rising time of impact pressure not only is a key point of the tank sloshing research, but also is useful for ultimate strength design of liquid carriers (Kim et al., 2010; Shi and Wang, 2012; Kim, 2013a) .
Based on potential theory, many researchers have done lots of work at the initial stage (Ibrahim, 2005; Damatty and Sweedan, 2006; Livaoglu, 2008; Curadelli, 2013) . The researches include analytical solution of linear sloshing response, equivalent mechanical models (such as spring-mass modeling, pendulum modeling, spherical or compound pendulum modeling) and nonlinear sloshing mode. Currently, the asymptotic modal theory (Faltinsen and Timokha, 2002; Faltinsen et al., 2003; Faltinsen et al., 2005a; 2005b) is an effective method to handle nonlinear resonant sloshing problems. Researchers also developed numerical methods to simulate sloshing tanks with complex geometry.
When resonance occurs for tank sloshing, free surface sharply deforms accompanying with overturning, breaking and splashing and this strongly nonlinear phenomenon is expected. But it is hard to obtain the analytic solution of flow fields for this nonlinear sloshing condition. Therefore, many researchers investigate nonlinear sloshing problems by means of numerical simulation and experimental study.
As previously mentioned about sharp deformation of free surface, free surface tracking is a key technique to numerically simulate violent sloshing. Currently, there are several free surface tracking techniques, such as Volume of Fluid (VOF), Smoothed Particle Hydrodynamics (SPH), Moving Particle Semi-implicit (MPS). Based on Eulerian description, VOF model captures the violent free surface flows with strongly nonlinear behavior, using grid solver. Thiagarajan et al. (2011) numerically investigated a Two-Dimensional (2-D) tank sloshing under the sway excitation, using VOF technique to track the free surface. They found that computational results for free surface elevation and impact pressure were in good agreement with theory and published data. Akyildız and Ünal (2006) studied the nonlinear behavior and damping characteristics of liquid sloshing for a tank with/without baffles. Lee et al. (2007a) carried out numerical simulations of sloshing by using a viscous flow analysis program, FLOW3D, which uses the VOF method for free surface modeling. The numerical results of pressure and free surface elevation were verified by comparison with experimental results. By means of VOF technique, Löhner et al. (2006) successfully simulated a 2-D tank sloshing and the classic dam-break problem. Liu and Lin (2008) developed numerical codes to study 3-D (three-dimensional) nonlinear liquid sloshing, using VOF technique to track the distorted and broken free surface. They found the numerical results matched with the analytical solution and the experimental data when the excitation amplitude was small. But when the excitation amplitude was large where sloshing became highly non-linear, large discrepancies were developed between the numerical results and the analytical solutions. Based on Lagrangian description, SPH and MPS are other techniques to capture the free-surface deformations by using moving particle. These methods can also be employed to simulate the overturning, splashing, breaking and merging of free surface (Lee et al., 2007b; Marsh et al., 2011; Pan et al., 2012; Zhang et al., 2013; Chen et al., 2013; Guilcher et al., 2013) .
Experimental study is an effective method for sloshing problems. Some researchers have experimentally investigated the effect of various excitations, filling ratios and swash baffle on sloshing pressure and wave amplitude of free surface. Kim et al. (2013b) proposed a floater-type blanket device, and the device can reduce the sloshing-induced impact load in LNG cargo. Kim et al. (2012) studied on the model-scale sloshing tests (1/50-and 1/70-scale), they drew a conclusion that the difference between the sloshing pressure measured at Seoul National University and other facility is higher at 70% filling than any other filling conditions. They also found that pressure peaks show narrower rising time at 70% filling level than at the other cases. He et al. (2009) studied the influence of raised invar edges on tank sloshing. A multiple-scale wedge drop tests and 2-D sloshing model tests were carried out, and they denoted that raised invar edges tend to enhance the magnitude of sloshing pressures. Rognebakke and Faltinsen (2003) carried out 2-D experiments of a hull section containing tanks filled with different levels of water excited in sway by regular waves.
Many researchers have investigated the effect of parameters, such as excitation, filling ratios and swash baffle, on sloshing pressure and wave amplitude, but investigations of the effect of viscosity on sloshing characteristics are limited. Celebi and Akyildiz (2002) numerically and experimentally investigated a rectangular tank sloshing. They found that the wave elevation obtained from numerical model was lower than those of experimental and theoretical results around the resonance frequency, which may be caused by using the effect of viscosity in the numerical model. Frandsen (2004) investigated the nonlinear effect of sloshing by using small perturbation theory and, his numerical model is valid for any water depth except for small depth when viscous effects would become significant. Akyildiz and Ünal (2005; pointed out that viscosity affects the sloshing wave amplitude at the resonance frequency. Lee et al. (2007c) also pointed out that the inclusion of viscous damping is particularly important for roll motions. Akyildiz (2012) numerically studied the effect of the vertical baffle on liquid sloshing in a rectangular tank and found that the viscous effects would be dominant when the internal structures were existed inside tank. However, Lee et al. (2007a) found that the impact characteristic is insensitive to viscous models (laminar vs. turbulent models).
As mentioned previously, analysis of the effect of viscous damping on sloshing pressure was only qualitative, rather than quantitative. In this paper, different viscous liquids were prepared first and a series of sloshing model tests for various viscous liquids were carried out. The effects of boundary layer, liquid viscosity and compressible air on sloshing were investigated quantitatively on sloshing pressure and rising time of impact pressure.
EXPERIMENTAL SETUP AND TEST CASES

Experimental setup
In this paper, numerical and experimental investigations are carried out for a test tank model at 20% filling level. As shown in Fig. 1 , this tank model is a cube. It is made of transparent plexiglass. The wall thickness is 20 mm and it can be treated as a rigid body. The tank dimension and locations of the pressure sensors are shown in Fig. 2 . Fig. 1 The model tank of sloshing test. Fig. 2 Locations of the pressure sensors (unit: mm).
The longitudinal, transversal and vertical geometrical dimensions of the tank model are 815 mm, 750 mm, and 710 mm, respectively. Point O is the rolling center. The pressure sensors of P1, P4 and P5 are located at still free surface at 20%, 55% and 70% filling levels, respectively. To measure the impact on roof due to high filling levels, the pressure sensor of P7 is equipped on the roof. Threshold pressure of sensors and sampling frequency are 50 kPa and 2 kHz, respectively. This sloshing test was performed on a 3-degree of freedom sloshing platform, and sloshing amplitude and frequencies are controlled by motion control computer in this experiment. The tank is subjected to forced rolling motion and the rolling amplitude, θ roll , is 12°. The resolution of excitation frequency and amplitude are 0.05 Hz and 0.5°, respectively.
Test cases
Different moving tanks transport different liquids. In order to investigate the effect of liquid viscosity on sloshing pressure, four kinds of viscosity of liquids are selected and used for a series of sloshing tests. One of the four kinds of liquids is water and another three kinds of liquids are prepared by putting carboxymethylcellulose sodium into water, according to certain mass ratio respectively. During the preparation of the viscous liquid, firstly, mixed solution must be stirred fully for half an hour, then standing for 24 hours, thus making it the kind of viscous liquid substantially homogeneous. Lastly, densitometer and viscometer are used to measure the density and viscosity of the mixed liquid.
In experiment, viscosity of Liquid_1 (water) , and the corresponding liquid viscosity derives from LPG at -10℃ under some pressure. Total volume of the tank is 434 L. For the highest filling level (70%) in this study, liquid volume is needed at least 304 L for each kind of liquids. Therefore, we prepared 400 L for each liquid. Each liquid is prepared under the ambient temperature of 3℃. At the same time, due to the very small mass ratio of carboxymethylcellulose to water (almost the mass ratio is about 1.25/998), theirs density are all 998 kg/m 3 . Physical properties of each liquid are listed in Table 1 .
Under rolling excitation conditions, a series of sloshing tests are performed for four kinds of viscous liquid. When the frequency of tank motion is close to one of the natural frequencies of liquid inside the tank, large impact pressure induced by sloshing can be expected. For a given rectangular tank, the natural frequency of the fluid is calculated based on linear potential flow theory, given by
where h and L denote liquid height inside the tank and tank length in the motion direction, respectively.
Under rolling excitation condition, the natural frequency for 20% filling level is 0.74 Hz. Because of the nonlinear feature of the sloshing problem and effect of viscous liquid, resonance does not occur exactly at the natural frequency of the fluid as calculated from Eq. (1), but at a frequency very close to that value. In experiment, a series of excitation frequencies are selected for sloshing tests under a given filling level condition, and the calculated frequencies must be covered in the range of the selected excitation frequencies. Considering the resolution of excitation frequency of experimental platform is 0.05 Hz, the selected frequencies and test cases are listed in Table 1 . 
MATHEMATICAL MODEL
Governing equations
The viscous fluid in tank sloshing is subject to continuity equation and Navier-Strokes equation. Generally speaking, fluid flow in tank sloshing is characterized by turbulent flow. In this paper, a 2-D tank model simplified from the test model is used for numerical calculation, and the 2-D model is shown in Fig. 3 . 
where ρ and U are density and velocity vector, respectively. Navier-Strokes equation:
where g, p and υ are gravitational acceleration, pressure and kinematic viscosity, respectively. u and v are the velocities in the x and y direction, respectively. κ-ε turbulence model: At present, four common turbulence models are used by commercial CFD package FLUENT. They are Spalart-Allmaras model, κ-ε model, k-ω model and Reynolds stress model, respectively. Four models are used to simulate tank sloshing, respectively. Comparing results of different turbulence models and experimental results, the prediction error of the standard κ-ε turbulence model is smaller than those of other three models.
Transport equations of κ-ε turbulence model are as follows.
where μ is dynamic viscosity. G k , G b and Y M represent the generation of turbulence kinetic energy due to the mean velocity gradients, the generation of turbulence kinetic energy due to buoyancy and the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, respectively. C 1ε , C 2ε and C 3ε are constants. σ κ and σ ε are the turbulent Prandtl numbers for κ and ε, respectively. S κ and S ε are user-defined source terms, respectively. The turbulent viscosity, μ t , is computed by
The value of model constants, C 1ε , C 2ε , C 3ε , σ κ , σ ε , are 1.44, 1.92, 0.09, 1.0 and 1.3, respectively.
VOF model
The free surface violently deforms when excitation frequency is close to one of the natural frequencies of liquid. Assuming two phases (air and water) existed inside tank and the two phase fluid is incompressible, the mathematical model of this method is described by
where a α and w α represent the volume fraction of air and water, respectively.
In each control volume, a cell with α w =0 is an air full cell, a cell with 0<α w <1 contains the interface between the air and water and a cell with α w =1 is a water full cell. The fluid properties in each cell depend on the volume fractions of the two phase fluids. The density and viscosity in each cell are given by
(1 )
Assuming the sliding between the two phases is negligible and that there is no mass exchange across the interface, the velocity field at free surface is continuous. The density and viscosity shown in Eqs. (10) and (11) are applied to the continuity equation and momentum equation.
Free surface is characterized for tank sloshing. In this study, numerical simulations for tank sloshing are carried out by using the commercial CFD software package Fluent 6.3. VOF method based on explicit scheme is used to track free surface and Roe Flux-Difference Splitting (Roe-FDS) Scheme is used for flux calculation. Geometric reconstruction is used to describe the interface between two fluids using a piecewise-linear approach. It assumes that the interface has a linear slope within each cell, and uses this linear shape for calculation of the advection of fluid through the cell faces (Fluent Manual, 2006) .
COMPUTATIONAL MODEL
In this section, firstly viscous dissipation of liquid inside/outside the boundary layer is discussed. Then thickness of boundary layer is theoretical investigated and a 2-D computational model considering the boundary layer effect is modelled.
Discussion of viscous dissipation
Because any fluid inside sloshing tank is viscous, there is a thinner boundary layer near the wall. Viscous force is dominant inside the boundary layer and inertial force is dominant outside the boundary layer. However, internal liquid outside the boundary layer can also dissipate energy. Faltinsen (2009) has given two damping ratios of viscous dissipation. One (ξ) is induced by the liquid inside the boundary layer and the other (ξ bulk ) is induced by the internal liquid outside the boundary layer. They are expressed by
where T is period of tank motion. B and l are the width and length of tank, respectively. h is fill depth. υ is kinematic viscosity of liquid, and k=π(2n-1)/B, n=1,2,….
R is defined as the ratio of ξ to ξ bulk in this paper. Assuming the first order model is excited (n=1), k is equal to π/B and T is equal to 1.35 s (the reciprocal of the natural frequency). For different liquids, the value of R at 20% filling is listed in Table 2 . As seen in Table 2 , the value of R is much greater than 1. It indicates that viscous dissipation of energy inside the boundary layer is dominant. Therefore boundary layer grid in computational model should be considered.
Discussion of thickness of boundary layer and computational model
Inside the boundary layer of the left side wall, the velocity in x direction is much less than that in y direction and the change of the velocity in the x direction is much greater than that in y direction. Fluid inside the tank is considered as incompressible fluid. Based on the Eqs. (2)- (4), governing equations inside the boundary layer are obtained by
Neglecting the boundary layer effect and using potential flow theory, tangential velocity of liquid on the left side wall, V t , is computed by
Substituting Eq. (17) into Eq. (16), unsteady equation of boundary layer is obtained by
Assuming V t is harmonic, the velocity is expressed as V t (y,t)=V 0 (y)cosωt. Assuming amplitude of V t and velocity gradient along streamline are small, convective acceleration can be neglected. Thus Eq. (18) is simplified as
Considering the boundary condition: v=0 if x=0; v=V t if x is much greater (∞), analytical solution of Eq. (19) is given by
The value of y is regarded as the thickness of boundary layer when the following equation is considered according to Faltinsen's suggestion (2009) 
Then, the thickness of boundary layer, y, is obtained from Eq. (21) and is given by 4.6
Finally, the thickness of boundary layer is calculated based on Eq. (22) and the value is 47.7 mm, in which the natural frequency, f=0. 74 Hz, and Liquid_4, , are considered. Before the discussion of computational model including a second set of boundary layer grid, the grid-independence must be conducted. In the numerical model without boundary layer grid, the computational domain was subdivided into a mesh of rectangular cell. Computational trials are performed for four grid sizes of 1, 2.5, 5 and 10 mm. It was concluded that the results are almost independent from the grid size and running time is optimal, if at least 85785 nodes (2.5×2.5 mm respectively in width and height) are used in a 2-D simulation. The computational mesh used is shown in Fig. 4 . The slip boundary condition is employed to the tank wall in this model.
In order to investigate the effects of liquid viscosity on sloshing characteristics, two mesh models are established in this paper. One model in Fig. 4 excludes a second set of boundary layer grid and the other model in Fig. 5 includes a second set of boundary layer grid on the side walls and bottom wall.
In the model including boundary layer grid, the first layer grid surface of the wall boundary is at ∆y=0.25 mm, which ensures that the first grid surface distance from the wall is located almost everywhere at y + =1.0 (y + =u τ ∆y/υ), where ∆y is the distance of the first grid from the wall, u τ is friction velocity of the wall. Forty layer grids are distributed in the boundary layer, and the grid size is 2.5 mm outside the boundary layer. This computational model with boundary layer grid is shown in Fig. 5 , and the no-slip boundary condition is employed to the tank wall. Fig. 4 The numerical model without the boundary layer grid. Fig. 5 The numerical model with the boundary layer grid.
RESULTS AND DISCUSSION
Discussion of the effect of three-dimensionality
In order to determine whether 2-D simulations can be used to predict impact pressures, 3-D and 2-D simulations at 20% filling level under the rolling excitation are carried out in this section. The 2-D grid model is established in a symmetrical plane of the 3-D grid model. The two numerical models with 2.5 mm grid include a second set of boundary layer grid, shown in Fig. 5 . Fig. 6 shows a comparison among pressure histories at P1. It can be seen that the values of the pressure at P1 behave periodically with two peaks along the time. The first one has a larger value and a shorter duration. It is due to the impact of liquid on the side wall of the tank with the largest acceleration. After the first peak, liquid climbs up along the side wall, then falls down due to the gravity. When the falling liquid hits the underlying liquid, the second peak occurs. Aiming to quantitative analyze the effect of the parameters on sloshing characteristics, sloshing pressure near the free surface discussed in this paper is defined as
where p (i) is the maximum pressure in each periodic impact behavior. (Liquid_2, f=0.79 Hz).
In Fig. 6 , it is also found that pressure history of the 2-D simulation is sufficiently similar to that of the 3-D simulation, although the first and the second spikes of the 2-D simulation are higher than those of the 3-D simulation in each cycle. Sloshing pressures of the 3-D and 2-D simulation at P1 are 5.48 kPa and 5.97 kPa, respectively. Considering 3-D effect of sloshing, there is viscous force on side walls along the length and height of the tank. For 2-D simulations under rolling excitation, only the viscous force along the length of side walls is presented. Sloshing pressure of the 3-D simulation is 8.2% less than that of the 2-D simulation because viscous dissipations along the length of side walls can't be considered in the 2-D model. Relative difference of sloshing pressures between the three and two dimensional model is small, so the 2-D model can be used to predict sloshing pressure. Fig. 7 shows a comparison between wave height histories along the side wall. It is found that the wave elevation of the 3-D simulation is only 4.4% less than that of the 2-D simulation in steady-state regime of response. Fig. 8 shows the evolution of volume fraction of air and water phase for the 2-D and 3-D model. It is found that the profile of free surface of the 2-D simulation is a little different from the one in a symmetrical plane of the 3-D simulation, and 3-D effect of sloshing is observed near the corner. Considering that the 3-D simulations require substantially longer computing time, the 2-D simulations are performed to predict peak pressures in the present study.
Discussion of the effect of boundary layer grid on pressure
In this section, numerical simulations are performed for the two computational models in order to investigate the effect of boundary layer on sloshing pressure characteristics. One model excludes a second set of boundary layer grid (Fig. 4) , and the other model includes a second set of boundary layer grid (Fig. 5) . Incompressible air is employed to gas phase. Also, a series of sloshing experiments are carried out. In experiment, sampling duration is 180·T (T is excitation cycle) for each sloshing test. Fig. 8 The snapshots of free surface profiles for (a) the three-dimensional simulation and (b) the two-dimensional simulation (Liquid_2, 20% filling level, f=0.79 Hz).
Under the excitation frequency of 0.79 Hz condition, time history of sloshing pressure at P1 is shown in Fig. 9 . In Fig. 9 (a), it is found that the sloshing pressures are almost the same although two kinds of viscous liquids are used to calculate impact pressure induced by sloshing in the computational model without a second set of boundary layer grid. As seen in Fig. 9(b) , it is also found that the changing of the viscosity of the liquid lead to the obvious change of impact pressure in the computational model with a second set of boundary layer grid. It demonstrates that the boundary layer has an important effect on impact pressure.
(a) (b) Fig. 9 Time histories of sloshing pressure at P1 for (a) the computational model without a second set of boundary layer grid and (b) the model with a second set of boundary layer grid (f=0.79 Hz). Fig. 10 shows the relationship between excitation frequency and sloshing pressure. Through comparison of results obtained from the two computational models without and with a second set of boundary layer grid, it can be seen that the sloshing pressure is smaller in the model with boundary layer grid. If boundary layer is ignored, inertia force of liquid directly acts on tank wall and larger impact pressure is expected. In fact, there is a boundary layer near the wall due to viscous liquid. Viscous force is dominant relative to inertial force in the boundary layer, so energy dissipation near the tank wall causes impact energy to decrease due to internal viscous friction. Therefore impact pressure is smaller in computational model with boundary layer grid. Through comparison of results from the experimental data with numerical simulations in Fig. 10 , it is found that the maximum sloshing pressures occur at the excitation frequency of 0.79 Hz. It is also found the computational model with a second set of boundary layer grid is more reasonable to predict sloshing pressure because its results are much closer to experimental results. It indicates that the effect of boundary layer should be taken full account when sloshing is numerically simulated. Fig. 11 represents time history of wave height of free surface along the vertical tank wall. It can be seen that the viscous damping effect captured by boundary layer grid also has an important influence on wave elevation. When sloshing response turn into steady-state regime, free surface will climb up along the vertical tank wall, and wave elevation obtained from the model including a second set of boundary layer grid is smaller than that excluding a second set of boundary layer grid, but the trough value of wave is slightly smaller in the former model. Fig. 10 The relationship between excitation Fig. 11 Numerical results of wave height frequency and sloshing pressure (Liquid_3).
histories (Liquid_1, f=0.79 Hz).
Discussion of the effect of liquid viscosity on impact pressure characteristics
Through the analysis of the previous section, a computational model including a second set of boundary layer grid can accurately predict the sloshing pressure. In this section, the computational model with the boundary layer grid is employed to simulate tank sloshing for different viscous liquids and gas phase is considered as incompressible air.
The experimental investigations of the effect of viscosity on sloshing characteristics are limited in most previous literatures. In order to investigate the effect of viscosity on sloshing, a series of sloshing tests with respect to various viscous liquids are carried out. Fig. 12 shows the relationship between excitation frequency and sloshing pressure at P1. Fig. 13 represents time histories of sloshing pressure at P1, which are obtained from the computational model that includes a second set of boundary layer grid and from experimental data for four different kinds of viscous liquids. Fig. 14 and Fig. 15 are the snapshots of free surface profiles of Liquid_1 and Liquid_4 at the excitation frequency of 0.79 Hz, respectively.
As it can be seen from Fig. 12 , the liquid viscosity has an important effect on sloshing pressure at 20% filling level. Under a given excitation frequency condition, as the viscosity of liquid increases, energy dissipations induced by viscous force increase on the one hand; on the other hand, splashing phenomenon of free surface disappears gradually (see Fig. 14(a) and Fig. 15(a) ) and the motion of free surface can be mitigated as viscosity increases. As a result, sloshing pressure will decrease. High viscosity liquid in tank sloshing not only dissipates energy but also mitigates the motion of free surface, so it is the essential reason to attenuate the pressure. (e) (f) Fig. 12 The relationship between excitation frequency and sloshing pressure. In Fig. 12 , it is also found that numerical pressures at P1 are slightly smaller than experimental results. The maximum error between the experimental results and numerical ones is 8.89%, which occurs at the excitation frequency of 0.79 Hz for Liquid_4. Therefore they are in good agreement with each other. Furthermore, as liquid viscosity increases, the trend of numerical pressures also can be validated by experimental data through comparison of Fig. 12 (e) and (f).
Using VOF method and considering viscous liquid, Lee et al. (2007a) numerical simulated a 2-D tank sloshing. They presented that the impact pressure was insensitive to liquid viscosity. But their conclusion is not supported by the present study. One possible reason is that the boundary layer effect representing viscous dissipation is not considered in their numerical model. In fact, any fluid is viscous, and the boundary layer could thicken as increment of liquid viscosity seen from Eq. (22). Therefore, it actually causes the viscous force to increase with increment of liquid viscosity. This larger viscous damping effect leads to the increment of energy dissipation near the tank wall and to decrement of kinetic energy near the free surface. As a result, sloshing pressure would decrease.
In Fig. 12(e) , it is found that the maximum pressure of each liquid occurs at the excitation frequency of 0.79 Hz. For a given excitation frequency, the deviation of sloshing pressure between Liquid_1 and Liquid_4, defined as the absolute value of P Liquid_4 -P Liquid_1 , is the largest, and the values are 0.12 kPa corresponding to 0.69 Hz, 0.24 kPa corresponding to 0.74 Hz, 1.62 kPa corresponding to 0.79 Hz, 1.72 kPa corresponding to 0.84 Hz and 0.53 kPa corresponding to 0.89 Hz, respectively. It is also found that the largest value among the five deviations occurs at frequency of 0.84 Hz. In this case, as viscosity of Liquid_1 increases to 164 times, reaching to viscosity of Liquid_4, the sloshing pressure decreases by 32.8%. Figs. 14 and 15 are the snapshots of free surface profiles of Liquid_1 and Liquid_4 at the excitation frequency of 0.79 Hz, respectively. For one liquid of low viscosity (Liquid_1), the free surface violently impacts the vertical wall at certain places in every movement period, and breaking wave and splashing could be obviously found shown in Fig. 14(a) . As liquid viscosity increase, reaching to viscosity of Liquid_4, breaking wave and splashing phenomenon of free surface disappears (see Fig. 15(a) ) in every movement period. This is because the motion of free surface can be mitigated due to significant energy dissipation for higher viscosity liquid. Furthermore, many bubbles are easily found in higher viscosity liquid (Liquid_4) during experiment and are shown inside the red circle in Fig. 15(a) , while the bubbles are hardly found in Liquid_1 shown in Fig. 14(a) . Figs. 14(b) and 15(b), which are obtained from numerical simulations, are phase contours corresponding to Figs. 14(a) and 15(a), respectively. In Figs. 14 and 15 , it is also found that the numerical profile of free surface generally coincided well with the experimental profile. This indicates that the VOF method is effective to simulate tank sloshing.
(a) Experimental profile.
(b) Numerical profile. Fig. 14 The snapshots of free surface profiles under the rolling excitation (Liquid_1, 20% filling level, f=0.79 Hz).
(b) Numerical profile. Fig. 15 The snapshots of free surface profiles under the rolling excitation (Liquid_4, 20% filling level, f=0.79 Hz). Compared to low viscosity liquid (Liquid_1), viscous damping force dissipates more energy during high viscosity liquid sloshing and amplitude of free surface along the vertical tank wall would be smaller. It demonstrates that liquid viscous damping effect has an important influence on wave elevation. This result is also supported by Akyildiz and Unal (2005; .
As previously analysis, large impact pressure is expected nearby the resonant region, and the impact pressure is characterized by the parameters of peak value and temporal evolution. The parameters have an important influence on structural dynamic response. In this part, the investigations of rising time are performed. Figs. 17(a), (b) , (c) and (d) are partial magnified time histories of Figs. 13(a), (b) , (c) and (d), respectively. As a temporal parameter of sloshing-induced peaks, rising time is considered in this study. As shown in Fig. 17(a) , rising time is defined as follow: Table 3 . In Fig. 17 , as viscosity increases, more and more high-frequency oscillations around peak pressure will occur for experimental data. These oscillations may be caused by air bubbles or large air pockets because of air entrainment under higher viscosity liquid sloshing conditions. But the high-frequency oscillations near the peak pressures are not obviously presented in the numerical results for higher viscosity liquid. However, it is observed that the rising times from numerical simulation are generally consistent with experimental results for various viscosity liquids.
As shown in Table 3 , it is found that the viscosity of liquid has an important effect on the average rising time of impact pressure. Experimental results demonstrate that the average rising times of Liquid_2, Liquid_3 and Liquid_4 are respectively 3.80, 4.64 and 6.64 times relative to the average rising time of Liquid_1 for 20% filling at excitation frequency of 0.79 Hz. The average rising time of impact pressures becomes longer with the enhancement of the viscous effect. Also, it is found that the average rising time from simulation is in good agreement with the experimental data despite a slight difference between the two.
Discussion of the effect of compressible air on impact pressure characteristics
In this section, the effect of compressible air on sloshing pressure is numerically investigated. In experiments, tank sloshing belongs to two phase flow, namely, gas phase is air and liquid phase is water. When closing to resonance for tank sloshing, the velocity of liquid is very large near the free surface. At this moment, two possibilities may happen. One possibility is that the liquid near the free surface may form a jet and the jet rips the air near the wall; the other possibility is that the overturning or breaking waves and splashing is expected near the free surface. As a result, the air is entrained into water and bubbles or large air pockets are formed. In this case, the effect of compressible air should be taken into consideration. The law of totally compressible ideal-gas now is used to air for tank sloshing and a series of numerical simulations are carried out. Time histories of sloshing pressure at P1 and wave height of free surface along the vertical wall are shown in Figs. 18 and 20, respectively. Fig.  19 is magnified time history of Fig. 18 .
Through comparison of results between incompressible air model and compressible air model, sloshing pressure at P1 is smaller in the latter shown in Fig. 18 . One possible reason is the function of cushion, which is induced by compressible air pockets. It demonstrates that compressible air has a certain effect on sloshing pressure.
Compressible air also can significantly influence on the rising time of impact pressure. As seen from Fig. 19 , the rising time is 24.6 ms in compressible air model and is 9.78 ms in incompressible air model for liquid_2 at the excitation frequency of 0.79 Hz. It indicates that the rising time of impact pressure in incompressible air model is smaller than that in compressible air model.
As shown in Fig. 20(a) , the maximum wave elevation in compressible air model is smaller than that in incompressible air model for lower viscosity liquid, such as Liquid_1. The free surface interacts with air during climbing up along the vertical wall, and air can absorb some energy of the free surface if considering the compressibility of air. Therefore cushion effect of compressible air leads to the decrement of the maximum wave elevation.
For higher viscosity liquid, such as Liquid_4, the maximum wave elevations of incompressible air model and compressible air model are almost the same, shown in Fig. 20(b) . It demonstrates that the compressibility of air does not play an important role in the maximum wave elevation for higher viscosity liquid. This is because the wave elevation is mainly affected by higher viscosity liquid, rather than by compressibility of air. 
Discussion of dynamic pressure distribution
At a node on the vertical wall, the dynamic pressure is defined as the mean value of those peak dynamic pressures obtained in every movement period. Because the maximum pressures at P1 are occurred at the excitation frequency of 0.79 Hz for each liquid, the effects of boundary layer grid, liquid viscosity and compressible air on the distribution of the dynamic pressure along the vertical wall are discussed at this excitation frequency in this section. Fig. 21 represents the effects of boundary layer grid and compressible air on the distribution of the dynamic pressure along the vertical wall, and the results are obtained from three computational models. The first one excludes a second set of the boundary layer grid and considers air as incompressibility; the second one includes a second set of the boundary layer grid and considers air as incompressibility; and the third one also includes a second set of the boundary layer grid and considers air as compressibility. Fig. 21 Distribution of the dynamic pressure along the vertical wall for three different computational models (Liquid_2, f=0.79 Hz, 20% filling level).
It can be seen in Fig. 21 that the boundary layer grid has an important influence on the distribution of dynamic pressure as well as the maximum dynamic pressure. The height of still free surface is 0.142 m for 20% filling level, but the height, in which the maximum dynamic pressure occurs, all exceed the still free surface for the three models. Because the viscous damping ratio induced by the liquid inside the boundary layer is considerably larger than that induced by the internal liquid outside the boundary layer (shown in Table 2 ), viscosity dissipates more energy in the second model and the movement of the free surface is limited. As a result, the height corresponding to the maximum dynamic pressure in the first model is bigger than that in the second model shown in Fig. 21 , and so the maximum dynamic pressure is. It is also found that compressible effect lead to the slightly decrement of the height corresponding to the maximum dynamic pressure between the second model and the third model and this phenomenon of decrement is not obvious.
Taking account of compressibility of air and including a second set of boundary layer grid, we simulate the tank sloshing at the excitation frequency of 0.79 Hz. Fig. 22 shows the effects of different viscosity on the distribution of the dynamic pressure along the vertical wall. It can be seen that the viscosity of liquid has an important effect on the dynamic pressure and the corresponding distribution. As viscosity increases, the maximum dynamic pressure and the corresponding height decreases. The corresponding height of Liquid_2, Liquid_3 and Liquid_4 respectively decrease by 5.45%, 8.48% and 12.73% relative to the corresponding height of Liquid_1. This is also because higher viscosity liquid dissipates more energy and the movement of the free surface is limited. 
CONCLUSIONS
In this paper, numerical and experimental investigations are carried out for a rectangular tank sloshing. Using VOF method, the effects of boundary layer grid, liquid viscosity and compressible air on sloshing characteristics are investigated. In the present study, the main research results are summarized as follows: 1) Energy dissipation induced by viscous damping of liquid inside the boundary layer can't be ignored, especially for higher viscosity liquid. A computational model including a second set of boundary layer grid can accurately predict the sloshing pressure, which is validated by experimental data. Also sloshing pressure and wave elevation from the model including the boundary layer grid is smaller than those from the model excluding the boundary layer grid.
2) In the computational model including a second set of boundary layer grid, higher viscosity leads to the obviously decrement of sloshing pressure and wave elevation, but leads to the increment of the rising time of impact pressure. 3) Compared to incompressible air, the compressible air effect causes the sloshing pressure and wave elevation to decrease and the rising time of impact pressure to prolong. But the compressible air has an obviously effect on the wave elevation for lower viscosity liquid and has little effect on that for higher viscosity liquid. 4) The effects of boundary layer, viscosity of liquid and compressible air influence the distribution of the dynamic pressure along the vertical tank wall. Considering a second set of boundary layer grid, the height corresponding to the maximum dynamic pressure decreases. Considering compressible air effect and increment of viscosity liquid, the height corresponding to the maximum dynamic pressure also decreases.
